Abstract: This paper presents the design of a highly efficient pneumatic motor system. The air engine is currently the most generally used device to convert potential energy of compressed air into mechanical energy. However, the efficiency of the air engines is too low to provide sufficient operating range for the vehicle. In this study, the energy contained in compressed air/pressurized hydraulic oil is transformed by a hydraulic motor to mechanical energy to enhance the efficiency of using air power. To evaluate the theoretical efficiency, the principle of balance of energy is applied. The theoretical efficiency of converting air into hydraulic energy is found to be a function of pressure; thus, the maximum converting efficiency can be determined. To confirm the theoretical evaluation, a prototype of the pneumatic hydraulic system is built. The experiment verifies that the theoretical evaluation of the system efficiency is reasonable, and that the layout of the system is determined by the results of theoretical evaluation.
Introduction
With the currently rising oil prices and greenhouse gas emissions, transportation technology that is not based on oil is urgently required; it must be sufficiently clean and affordable. Compressed air technology can be a solution; compressed air is commonly used in the industry because its production and handling are safe and easy [1] . motors. To maintain the IC engine speed in the efficient range, the system uses the superfluous energy of the IC engine to pump the liquid into the accumulators to store energy by compressing air in the accumulator. When the vehicle accelerates, the system releases the compressed air energy in the accumulator to enable the motor and vehicle to accelerate. The system can also trap the kinetic energy of the vehicle when it is braking. The efficiency of the pump/motor is over 90% when used as either a pump or motor [17] .
In this study, compressed air is used to drive a hydraulic motor to take advantage of the high efficiency of hydraulic motors to enhance total efficiency of the system. A large volume of air is used for each step of air expansion to increase the expansion duration. Longer expansion duration reduces the energy losses during the air intake and leads the heat of surrounding transfer into the air to improve the efficiency. Through the valves and tube, the pressurized hydraulic oil drives the hydraulic motor continuously. To convert the air pressure to hydraulic pressure, an air/oil converter is used.
Section 2 presents the entire system layout, which consists of air/oil converters, valves, and a hydraulic motor. In the system, the compressed air flows into the air/oil converter and push the oil out to convert the air energy into hydraulic energy; hydraulic energy efficiency is detailed in Section 3 of this study. Section 4 shows the experiments and presents a comparison of the system efficiency of the theoretical and experimental results. Finally, a conclusion is made.
System Layout
In this section, the system layout and the operating processes are introduced. The system layout used to achieve high efficiency in transforming compressed air energy into mechanical energy is shown in Figure 1 . A tank, air directional valves, air/oil converters, hydraulic directional valves, air pipes, oil pipes, a hydraulic motor, and the hydraulic oil in the system are shown. In this study, the elements on the right side are denoted with an R; the left side is denoted with an L. The compressed air is stored in the tank, exits the tank, and enters the air/oil converter. Through the air/oil converter, the compressed air pushes the oil out of converter and the converter becomes an oil pressure source. Finally, the oil from the converter drives the hydraulic motor.
The air and hydraulic directional valves control the directions of the fluid to operate the motor. According to the flow direction, the system layout is divided into two phases: A and B, as shown in Figure 2a ,b. In Phase A, the air directional valve R leads the compressed air from the tank to the air/oil converter R. In converter R, the compressed air produces hydraulic oil pressure. The hydraulic directional valve R directs the high-pressure oil to the motor so that the motor begins to rotate and the oil pressure drops after passing the motor. Thereafter, the depressurized oil leaves the motor and enters air/oil converter L via hydraulic directional valve L. During this time, air directional valve L is pointed in the exhaust direction so that the air is pushed out of the converter L when the oil enters. When converter L is full of oil, the Phase A process is finished.
Before the beginning of Phase B, air directional valve R is switched to the exhaust direction to discharge the residual air in converter R. Air directional valve L is switched to the intake direction. The compressed air then drives the hydraulic motor similar to the manner in Phase A. When Phase B ends, air directional valve L is switched to the exhaust direction to operate Phase A once again. By repeating Phases A and B, the system works continuously, and the motor rotates in the same direction.
Efficiency Analysis of Converting Air Pressure into Oil Pressure
The air/oil converter (herein known as the "converter") is used to convert the air pressure to oil pressure. During the conversion process, the compressed air pressurizes the oil and the oil is push out of the converter by the air. Since the oil can be reused, the oil from the converter should then enter another converter, which is used as a reservoir. Section 2 showed the procedure of the entire system. If the air exhaust from the system has a high residual pressure, some energy is lost with the high-pressure air. In this section, the efficiency of the conversion is evaluated by using the principle of energy balance. Two methods are proposed to operate the converter in this study. The first is called constant pressure operation, in which the compressed air flows into the converter and produces oil with a constant pressure until the oil in the converter drains out. The second method is expansion operation. After the proper quantity of compressed air enters the converter, the intake valve is closed. The compressed air then expands to drain out the oil. The second operation method can reduce the pressure of the exhaust air to improve efficiency. It is noted that the mater (both air and oil) in the converter is always follow in (air) and out (oil) of the converter; the converter is an open system. However, if we only count on the compressed air, the system some time is open system and some time is closed system depending on what step the system is.
Constant Pressure Operation Mode
The system is assumed to start with phase A, we analysis the converter at the right hand side of Figure 2a . The operation begins with the converter full of oil, as shown in Figure 3a . The intake valve causes the compressed air of pressure P to flow into the converter and pressurizes the oil, which produces the oil pressure source (Figure 3b ). As soon as the oil in the converter is pushed out completely, the intake valve closed. At that time, the converter is full of compressed air, as shown in Figure 3c , then the converter discharges the compressed air to the atmosphere at a pressure of P atm to reduce the air pressure in the converter, and the system start the phase B, the convertor of right hand side of Figure 2 is then used as a reservoir of oil and left hand side converter is now work as the right hand side converter in phase A, as shown in Figures 2b and 3d . Thereafter, the oil flows back into the converter with the exhaust valve open until the converter is full of oil again ( Figure 3e ). This is the cycle of constant pressure operation. In Figure 3 , the operational pressure is P, the atmospheric pressure is P atm , and the volume of the air/oil converter is V c . It is noted that only the step shown in Figure 3b can output the energy to the hydraulic motor. Therefore, only the energy input and output of this step are studied.
Figure 3. (a)
The converter is full of oil at pressure P atm ; (b) Compressed air enters the converter to push the oil out at pressure P; (c) The converter is full of compressed air at pressure P; (d) The converter discharges the compressed air into the atmosphere; and (e) The oil flows back and pushes the air out at pressure P atm .
Constant Pressure Operation Efficiency Analysis
A physical model of the air/oil converter of the operating step of Figure 3b is analyzed as shown in Figure 4 . In Figure 4 , is the energy rate of the compressed air enters the converter.
is the rate of energy of oil discharged from converter which drives the motor to output the kinetic energy.
is the energy rate of heat transfer into the converter from environment. To simply the mathematic model, following assumption are made for the analysis of converter:
1. The air is act as an idea gas; 2. The hydraulic oil is incompressible; 3. The velocity and the height change of the fluids are neglected due to the required oil flow rate of the chosen hydraulic motor is small, which under this assumption, the kinetic energy and the potential energy changes are assumed to be zero; 4. There is no pressure loss at entering and discharging valves; 5. According to the experiment (the setup will be discussed in the experiment section of this study) results, the temperature in the converter is constant.
The efficiency of the air/oil conversion under the constant pressure operation η is defined as:
In above equation, E Total is the total energy provided by compressed air, which is the sum of the E e and energy in the compressed air E c of a full converter of compressed air. As shown in Figure 4 , follows the balance of energy, the system satisfies:
In the above equation E s is the energy store in the converter at step of Figure 3b , in this case it is zero.
is the work input into the converter. Because there is no air expansion in the converter at this step, there is no temperature change and therefore Q in is zero. After above discussion, according to Equation (2), it means the E i carried by compressed air is equal to the energy discharge from converter Volume of the converter Surface of the converter
Ė e E e carried by the oil. It is noted that the pressure of compressed air is constant at operation. The ideal P-V diagram in the converter is presented in Figure 5 . E e is the integral area inside the dotted line in Figure 5 , and it yields:
To find the total energy input to the converter, energy E c in a converter full of compressed air when the hydraulic system completes half cycle of operation, which is equal to the work done by compressing the air of absolute pressure P atm and volume V atm to absolute pressure P and volume V c under the adiabatic assumption. The relation of pressure and volume can be expressed as:
E c can be found in following equation:
Furthermore, V atm equals V c (P/P atm ) 1/γ from Equation (4), E c becomes:
Combining Equations (3) and (6), and the total energy E Total into the tank yields:
Combining Equation (1) with Equations (3), (4) and (7), one may get:
Equation (8) shows that the efficiency here is only concerned with compressed air pressure P. Regarding the experiments, the gauge pressure is more suitable to use than the absolute pressure. Therefore, the efficiency of the air/oil conversion η versus the operating gauge pressure P-P atm bar is plotted in Figure 6 . However, the operating gauge pressure below 4 bar is unable to drive the hydraulic motor of the prototype, will be discussed in Section 4; the data under 4 bar are plotted with a dotted line. 
Expansion Operation Mode
The expansion-operation procedures are shown in Figure 7 . It begins with the converter full of oil; the intake valve allows the compressed air to enter the converter as it works in constant pressure operation mode, as shown in Figure 7a ,b. The intake valve closed at the time a proper quantity of compressed air enters the converter. The partial volume V c /N of the converter is then charged by the compressed air, as shown in Figure 7c . N is defined as the ratio of the total volume of the converter to the charged volume, N ≥ 1. The compressed air at pressure P then begins to expand until the oil in the converter drains out; the pressure drops to the residual pressure P res , as shown in Figure 7d . After that the converter discharges the residual air to the atmosphere, and the oil from the converter of another side of the system flows back to the converter (Figure 7e,f) . The addition pressure-dropping step than constant pressure mode should improve the efficiency of the system. 
Expansion Operation Efficiency Analysis
To analysis the efficiency of the expansion operation mode, the first thing to do is to find the steps which output the energy. It was found that only two step shown in Figure 7c ,d are involved. At the step in Figure 7c , the compressed air of absolute pressure P and volume V c /N enters the converter. At the step in Figure 7d , the air is expanded to pressure P res and volume V c . During the expansion, the energy Q in transfers from the surroundings into the converter by heat transfer to keep the fluids in the converter at room temperature (this assumption is due to the observation of the experiments of this study). The P-V diagram of the steps of Figure 7c ,d are shown in Figure 8 . It is noted that the step of Figure 7d is an isothermal process. Therefore, γ is equal to 1 in Equation (4) when used in this step.
Figure 8. The ideal P-V diagram of the expansion operation.
E e is evaluated under the constant temperature assumption and according to integrate results of Figure 8 , the equation yields:
E e
The assumptions for evaluating E Total of this section are different from the assumptions for evaluating E e . An adiabatic assumption is more reasonable for evaluating E Total because E Total presents the energy only performed by the tank but not the energy of heat transfer from the surroundings. Similar way to the evaluation of E e in Figure 8 (only difference is that γ is not equal to 1), one may integrates Figure 8 to get E e of adiabatic condition. The energy E c store in the compressed air of pressure P and volume V c /N can also found in Equation (4). Add those two together, one may get E total :
Balance of energy in Equation (2) is still satisfied. Substitute Equations (9) and (10) into Equation (1) and V atm equals (V c /N)(P/P atm ) 1/γ . The expansion operation efficiency η can then be found as:
Equation (11) shows that the efficiency here concerns not only compressed air pressure P but also the ratio of charged volume N. After the constant temperature expansion, the residual pressure P res in the converter is P/N. The efficiency of η versus the operating gauge pressure P-P atm bar with different ratios of charged volumes N is plotted as shown in Figure 9 . The data plotted in the dotted lines indicate that the residual pressure is lower than the gauge pressure at 4 bar. Figure 9 shows that the efficiency is higher with a lower operating pressure and a larger N. 
Experiment, Results, and Comparison

Prototype Construction
To verify the efficiency analysis result, a system prototype was built. This section introduces the experiment methods and the elements used in the prototype.
The air/oil converter in this study is Mindman MCQA-AH; the specifications are as follows: 10 cm diameter, 50 cm height, 4 L volume, the operating pressure range is 0.5 to 9.9 bar, and the proof pressure is 15 bar. A sheet of metal is placed to prevent the compressed air from splashing the oil into the converter, as shown in Figure 10 . The hydraulic motor is a SAUER DANFOSS OMM8 internal gear motor, as shown in Figure 11 [18] . The rotor rotates in the case, and the oil flows into the gap between the rotor and the case to drive the motor. The maximum efficiency of this motor is 73% when the operating pressure is 70 to 125 bar, and the output range is 370 to 1500 W when the flow rate is 4 to 12 L/min. The prototype of the system layout, mentioned in Section 2, is built, as shown in Figure 12 . Although the maximum efficiency of the motor is 73% at a pressure of 70 bar, the operating pressure in normal pneumatic parts and air compressors is approximately 10 bar. Thus, the operation pressure of the prototype in this study is set at 10 bar for preliminary verification.
In the prototype, a compressor with a tank of air pressure 12 bar and volume 170 L is a good substitute for a high pressure tank. The general compressed air tank for a light vehicle is operated at storage pressure 300 bar, operation pressure 7 to 10 bar and volume 50 to 200 L and takes about 10 to 20 min to refill. Then the air directional valves are replaced by ball valves for the advantage of low-flow resistance and less vibration. The hydraulic directional valves are spool manual valves. The rotation speed of the motor is controlled by the break shown in Figure 12. 
Hydraulic Motor Efficiency Measurement
The efficiency of the hydraulic motor alone η motor follows a well-known equation:
where τ is the torque produced by the motor; ω is the rotational speed of the motor; q oil is the volume flow rate of the oil; and ΔP is the pressure difference between the inlet and outlet of the motor. Furthermore, the pressure at the outlet is measured at atmospheric pressure; thus, ΔP is also the gauge pressure of the inlet pressure. Figure 12 .The prototype.
The experimental results are shown in Figure 13 ; the figure shows that the efficiency of the motor decreases when the rotational speed rises and the maximum efficiency at 10 bar is 62% at 200 rpm. The motor cannot rotate at a rotational speed lower than 200rpm.
System Efficiency of Experiment
An equation to calculate the system efficiency is necessary, but Equation (12) is not fit for this experiment. Thus, a suitable equation should be derived, as shown below.
The model is shown in Figure 14 . In the model, E tank is the energy comes from the tank which is charged into the converter; E c is the energy of the air in the converter exhaust to the atmosphere; W shaft is the work outputted by the motor. The efficiency of the system, η sys , is defined as the following:
During the experiment, the initial state of the tank is at absolute pressure P int volume V tank and time t int . Then the system works several cycles to have the work W shaft at operation pressure P until the state of the tank becomes the final state at absolute pressure P fin , volume V tank and time t fin . To keep the operation pressure at P, the final pressure in the tank P fin must be higher than P. E tank can be obtained from the energy difference between the initial state and final state of the tank. The total work that can be done by the whole tank of compressed air at the initial state is marked as W state,i , and W state,f at the final state. The equations of W state,i and W state,f are similar to Equations (5) and (6) . Then:
The W shaft is the total work done by the motor during the operation and the Equation is listed as following:
Then the average system efficiency is defined as:
System Efficiency Measurement
Constant Pressure Operation Results
The following is the result of 10 bar of constant pressure operation, as mentioned in Section 2.1. To make the experiment similar to the theoretical model, the two hydraulic directional valves are removed in this efficiency measurement. This no longer allows the phases to change continuously; however, the experiment still works because sufficient time exists to obtain a steady output, even during one phase. At 1000 rpm, the system takes 25 s to finish one phase.
The efficiency η sys calculation follows Equation (18) . The operation gauge pressure is 10 bar, the absolute tank pressure reduces from P int at 13 bar to P fin at 11.52 to 11.63 bar after five cycles. The result is plotted in Figure 15 , which shows that the efficiency drops with increasing rotational speed; the maximum system efficiency is 32.5% at 200 rpm. 
Expansion Operation Results
The operating speed is set at 200 to 500 rpm, the operating gauge pressure is at 10 bar, and the ratio N is 2. The pressure, rotational speed, and torque are measured and used to calculate the efficiency using Equation (18) and the experimental motor efficiency of Equation (12) . The efficiency here is the average efficiency obtained by the measured data. Table 1 shows the experimental results after ten phase changes (five cycles). It is noted that all the pressures in Table 1 are gauge pressure. After the expansion, theoretically, the pressure in the converter should drop to a gauge pressure of 4.5 bar; however, the residual pressure is measured at 5.1 bar due to the redundant volume about 0.3 L at the top of the converter cannot be used. Experiment found that the motor cannot run at a speed higher than 500 rpm at pressure lower than 5.1 bar. The air pressure and output torque changes during one phase are plotted in Figure 16 . Figure 16 . The air pressure and output torque changes during one phase at 200 rpm.
Comparison of Theoretical and Experimental Results
To confirm the differences between the theoretical and experimental results, the theoretical system efficiency is calculated as follows:
The theoretical constant pressure-conversion efficiency obtained from Figure 6 is 52.4%. After combining the theoretical conversion efficiency and the experimental motor efficiency obtained from Section 4.2, the theoretical system efficiencies are obtained and plotted in Figure 17 . The figure shows a 0%-2% difference between the two results. The difference probably caused by the kinetic effect at higher rotational speed, the speed causes more fluid pressure drop. Furthermore, the accuracies of the sensors are around 0.3%. The system efficiencies under expansion operation are also plotted in Figure 17 . The expansion-operation conversion efficiency is 86% from Equation (11) at a gauge pressure of 10 bar and ratio N = 2. The experimental motor efficiency is 61.7%, as obtained from Table 1 . Thus, the theoretical system efficiency of the expansion operation is 53.1%, and the experimental system efficiency is 49.7% at 200 rpm. There is a 3.4% difference between the two. The difference probably caused by the temperature-drop due to the expansion in the converter. It is noted that the theoretical conversion efficiency is assumed as a constant temperature expansion in the converter in Equation (9).
Conclusions
This study presented a hydraulic system driven by compressed air to demonstrate its potential to outperform a pneumatic motor in efficiency. The major parameter of efficiency under a constant pressure operation is the operating pressure; the efficiency is better with lower pressure. When the air expands in the converter, the residual pressure is also a dominant parameter. Lesser air intake leads to more heat transfer from the surrounding into the converter, thereby enhancing the efficiency. The efficiency of the air/oil conversion can be evaluated through the analysis presented in this paper. Only 0%-3.4% difference exists between the theoretical and experimental system efficiency, which verifies that the analysis is practical to estimate the efficiency. Therefore, these equations are helpful for determining the optimal-efficiency design and the parameters for operation. Future research will focus on system optimization and the control system.
